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Abstract
We propose low scale seesaw scenarios for light neutrino masses within U(1)X gauge extension of
the standard model that also predicts stable as well as long lived dark matter candidates. The new
fields necessary for seesaw realisations as well as dark matter are charged under the U(1)X gauge
symmetry in an anomaly free way. A singlet scalar field which effectively gives rise to lepton number
violation and hence Majorana light neutrino masses either at tree or radiative level, also splits the
dark matter field into two quasi-degenerate particles. While non-zero neutrino mass and non-zero
dark matter mass splitting are related in this way, the phenomenology of sub-GeV scale inelastic dark
matter can be very rich if the mass splitting is of keV scale. We show that for suitable parameter
space, both the components with keV splitting can contribute total dark matter density in the
present universe, while opening up the possibility of the heavier dark matter candidate to undergo
down-scattering with electrons. We check the parameter space of the model for both fermion
and scalar inelastic dark matter which can give rise to the recent excess of electron recoil events
reported by the XENON1T experiment while being consistent with other phenomenological bounds.
We also discuss the general scenario where mass splitting between two dark matter components can
be larger, effectively giving rise to a single component dark matter scenario.
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I. INTRODUCTION
Non-zero but tiny neutrino masses and large leptonic mixing have become well established
facts by now, thanks to several experimental evidences in the last few decades. See for a
review [1, 2]. Three non-zero mixing angles and two mass squared differences of neutrinos
have been measured very accurately up to some open questions related to the mass ordering
and octant of atmospheric mixing angle. The recent status of neutrino parameters may
be found in several global fit works including [3, 4]. Apart from oscillation experiments,
cosmology also constrains neutrino mass by putting an upper bound on sum of light neutrino
masses which, according to Planck 2018 data is
∑
i|mi| < 0.12 eV [5]. However, neutrinos
remain massless in the standard model (SM) at renormalisable level due to the absence of
right handed neutrinos. At dimension five level, one can generate light neutrino masses
of Majorana type via the Weinberg operator [6]. Several beyond standard model (BSM)
frameworks have already been proposed which can give rise to light neutrino mass through
renormalisable frameworks known as seesaw mechanisms. Canonical seesaw mechanisms are
known as type I, type II, type III seesaw [7–15] while several variants and new mechanisms
have also been proposed in the last few decades.
Similarly, evidences from astrophysics and cosmology based experiments suggest the pres-
ence of a non-luminous and non-baryonic component of matter, known as dark matter (DM)
contributing to around 26.8% of the present universe’s energy density. In terms of density
parameter ΩDM and h = Hubble Parameter/(100 km s−1Mpc−1), the present DM abun-
dance is conventionally reported as [5]: ΩDMh2 = 0.120 ± 0.001 at 68% CL. While none of
the SM particles can be a DM candidate, several BSM proposals have been put forward out
of which the weakly interacting massive particle (WIMP) has been the most popular one.
In this WIMP paradigm, a DM candidate typically with electroweak (EW) scale mass and
interaction rate similar to EW interactions can give rise to the correct DM relic abundance, a
remarkable coincidence often referred to as the WIMP Miracle [16]. However, such sizeable
DM-SM interactions have not been observed yet at typical direct detection experiments like
LUX [17], PandaX-II [18, 19], XENON1T [20, 21]. This has led the particle physics commu-
nity to look for several viable alternatives to WIMP. Without giving up entirely on WIMP,
one exciting possibility that has gained popularity in recent times is light DM around GeV
or sub-GeV scale. While WIMP with electroweak type interactions has a lower bound on its
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mass, around a few GeV, known as the Lee-Weinberg bound [22], one can relax these bound
in specific models where DM-SM interactions are mediated by additional light particles.
Some recent proposals of such sub-GeV DM models can be found in [23–25]. Several studies
and experimental efforts have already started to look for DM-nucleon and DM-electron scat-
tering in such mass regime [26, 27]. Several direct detection experiments like CRESST [28],
EDELWEISS [29], superCDMS [30], SENSEI [31], DAMIC [32], XENON1T [33], DarkSide-
50 [34] have already put constraints on sub-GeV DM. There have been some studies on
indirect detection aspects of such sub-GeV DM as well, for example see [35, 36].
The interest in such light sub-GeV DM has recently got increased after XENON1T collab-
oration published their latest results in June 2020. XENON1T collaboration has reported
an excess of electron recoil events over the background in the recoil energy Er in a range 1-7
keV, peaked around 2.4 keV[37]. Though this excess is consistent with the solar axion model
at 3.5σ significance and with neutrino magnetic moment signal at 3.2σ significance, both
these interpretations face stringent stellar cooling bounds. Since XENON1T collaboration
has neither confirmed nor ruled out the possible origin of this excess arising due to beta
decay from a small amount of tritium present in the detector, it has created a great interest
in the particle physics community to search for possible new physics interpretations for this
excess of electron recoil events. Several interpretations for this XENON1T anomaly have
been proposed by several authors, for example see [38–46] out of which light boosted DM or
light inelastic DM have been the most promising ones among WIMP type candidates.
In this work, we try to connect low scale seesaw origin of non-zero masses of light neu-
trinos with sub-GeV inelastic DM within an abelian gauge extension of the SM. Recently,
several low scale seesaw models with additional U(1)X gauge symmetries have been proposed
in different contexts; for example, see [47–51] and references therein. Here we extend the
SM with a gauged U(1)X symmetry which primarily describes the dark sector of our model
comprising of inelastic DM candidates and fields responsible for seesaw realisation. The
breaking of U(1)X to a remnant Z2 symmetry gives rise sub-eV masses of light neutrinos by
generating a dimension five effective operator O1LLHH/Λ [6] at low energy, where L and H
are lepton and Higgs doublets respectively, O1 is the Wilson coefficient that depends upon
different couplings of the UV complete theory and Λ is the scale of U(1)X symmetry break-
ing. Note that this operator breaks lepton number by two units and hence the corresponding
neutrino mass is of Majorana type. After the electroweak phase transition the neutrino mass
3
is given by: mν ∝ 〈H〉2/Λ. The breaking of U(1)X gauge symmetry to a discrete Z2 also
lead to a small mass splitting between the components of either a Dirac fermion DM or a
complex scalar DM, leading to an inelastic DM scenario. We ensure the stability of DM via
the remnant Z2 symmetry. If we assume that the DM mass is of sub-GeV scale with mass
splitting of keV or smaller, then both the components can be present today and can giverise
interesting phenomenology. In particular, if the mass splitting is a few keV, then we can have
a tantalising scenario where the heavier component scatters off the electron and gets con-
verted to the lighter component effectively explaining the XENON1T anomaly [37]. We first
discuss viable low scale seesaw models within an U(1)X gauge symmetric framework which
also predicts inelastic DM. Since all such seesaw models have similar DM phenomenology,
we study the latter for a sub-GeV inelastic DM whose interactions with SM relies primarily
on kinetic mixing of U(1)X gauge symmetry with U(1)Y of the SM. We calculate the relic
abundance of DM and constrain the parameter space from all available bounds and the
requirement of fitting XENON1T excess.
The paper is organised as follows. In section II, we discuss different low scale seesaw
models for light neutrino mass within a framework U(1)X gauge symmetry which also gives
rise to inelastic DM. In section III we discuss the constraints on such low scale U(1)X
gauge models followed by detailed discussion of inelastic DM with sub-GeV mass and its
implications for XENON1T excess in section IV. Wes finally conclude in section V.
II. LOW SCALE DARK SEESAW WITH U(1)X GAUGE SYMMETRY
In this section, we describe different seesaw realisations for sub-eV masses of light neutri-
nos by considering the presence of an Abelian gauge symmetry U(1)X which plays a crucial
role in both neutrino and dark matter sectors. We adopt a minimalistic approach and con-
sider only the newly introduced fermions and scalars to be charged under the U(1)X gauge
symmetry leaving the SM particles to be charge-less under this new symmetry. Additional
discrete symmetries are also incorporated to obtain the desired couplings in the Lagrangian
for seesaw realisations. With non-minimal particle content one can also consider scenar-
ios with similar seesaw realisation and DM phenomenology without any additional discrete
symmetries as have been studied in several works, for example, see [52–61] and references
therein.
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NR SR Φ1 Φ2 ΨL,R η H2
SU(2)L 1 1 1 1 1 1 2
U(1)X 1 -1 0 2 -1 -1 1
Z4 1 i i -1 -i -i 1
TABLE I: New particles and their quantum numbers under the imposed symmetry.
A. Inverse seesaw model with inelastic DM
Here we consider an inverse seesaw [62], which is a typical low scale model in contrast to
the high scale canonical seesaw scenarios like type I, type II and type III [7–15]. The inverse
seesaw is realised in a gauged U(1)X extension of a two Higgs doublet model. The gauge
group of the theory is thus given by: SU(3)c ⊗ SU(2)L ⊗ U(1)Y ⊗ U(1)X . An additional
discrete Z4 symmetry is also imposed to have the correct mass matrix structure of neutral
fermions. As shown in table I, the new degrees of freedoms apart from a second Higgs doublet
H2 are all singlets under the SM gauge group (SU(3)c⊗SU(2)L⊗U(1)Y ). The U(1)X gauge
charges of these newly introduced particles are chosen in such a way that gives rise to the
desired neutrino and DM phenomenology. While NR, SR are singlet fermions taking part
in inverse seesaw, the fields ΨL,R, η are introduced as fermion and scalar DM candidates
respectively. When the singlet scalar Φ2 acquires a vacuum expectation value (vev), the
gauged U(1)X symmetry breaks down to a remnant Z2 symmetry under which vector-like
fermion singlet Ψ(= ΨL + ΨR) and η are odd. As a result, either Ψ or η can behave as a
candidate of DM independently. We show that the spontaneous breaking of U(1)X gauge
symmetry not only generates the lepton number violating mass term for inverse seesaw, but
also splits the DM into two quasi-degenerate components. Note that, we consider only one
type of DM at a time. Here we include both fermion and scalar to show their inelastic
nature arising from a scalar field taking part in generating light neutrino masses. It should
be noted that the model is anomaly free by the virtue of the assigned gauge charges of the
new particles.
The Lagrangian involving the new degrees of freedom consistent with the extended sym-
metry is given by
−L ⊃ yνLH˜2NR + yNSNRSRΦ†1 + ySSRSRΦ2 + h.c.+ LDM , (1)
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where LDM describes the Lagrangian for inelastic DM and is discussed below separately for
fermion (Ψ) and scalar (η) cases.
The electroweak symmetry is broken when the Higgs doublets H1 and H2 acquire non-
zero vevs, while the vevs of Φ1 and Φ2 break Z4 and U(1)X respectively. The scalar fields
which acquire non-zero vevs can be represented as
H1,2 =
 h+1,2
(h1,2+v1,2+ihI1,2)√
2
 , Φ1,2 = φ1,2 + u1,2 + iφI1,2√
2
.
As can be seen from the Lagrangian in equation (1), the vev of singlet scalar Φ2 generates
lepton number violation (33 term of neutral lepton mass matrix given in equation (3)
below) and hence is responsible for the light neutrino mass generation through inverse
seesaw mechanism. Later we shall show that the vev of Φ2 also creates a mass splitting
between the DM components (both for fermion and scalar DM).
Light Neutrino Masses:
In the basis n = ((νL)c, NR, SR)T , the neutral lepton mass term can be written as
− Lmν =
1
2
(n)cMνn+ h.c. (2)
WhereMν has the structure
Mν =

0 mD 0
mTD 0 M
0 M µ
 =

0 yνv2√
2
0
yνv2√
2
0
y
NS
u1√
2
0
y
NS
u1√
2
y
S
u2√
2
 (3)
The light neutrino mass matrix at leading order is thus given by
mν ' mTDM−1µM−1mD
= (
yTν v2√
2
)
1
M
(
ySu2√
2
)
1
M
(
yνv2√
2
) (4)
For mD ∼ 10 GeV, M ∼ 1 TeV and µ ∼ 1 keV, we get sub eV neutrino mass.
Inelastic fermion dark matter:
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We now show how inelastic fermion DM: Ψ = ΨL+ΨR arises in this inverse seesaw model.
The relevant Lagrangian satisfying U(1)X × Z4 symmetry can be written as:
LDM = iΨγµDµΨ−M(ΨLΨR+ΨRΨL)−(yLΦ2(ΨL)cΨL+yRΦ2(ΨR)cΨR+h.c)+ 
2
BαβYαβ (5)
where Dµ = ∂µ + ig′Z ′µ and Bαβ, Yαβ are the field strength tensors of U(1)X , U(1)Y respec-
tively and  is the kinetic mixing parameter. We note that the kinetic mixing plays a crucial
role in giving rise the DM phenomenology.
The scalar singlet Φ2 acquires a non-zero vev u2 and breaks U(1)X spontaneously down
to a remnant Z2 symmetry under which ΨL,R are odd while all other fields are even. As
a result, ΨL and ΨR combine to give a stable DM candidate in the low energy effective
theory. The vev of Φ2 also generates Majorana masses for fermion DM: mL = yLu2/
√
2
and mR = yRu2/
√
2 for ΨL and ΨR respectively. We assume mL,mR << M . As a result,
the Dirac fermion Ψ = ΨL + ΨR splits into two pseudo-Dirac states ψ1 and ψ2 with masses
M1 = M −m+ and M2 = M +m+, where m± = mL ±mR/2. Using the expansion of Φ2 as
defined earlier, the Lagrangian in terms of these physical mass eigenstates can be written as
LDM =1
2
ψ1iγ
µψ1 +
1
2
ψ2iγ
µψ2 − 1
2
M1ψ1ψ1 − 1
2
M2ψ2ψ2
+ ig′Z ′µψ1γ
µψ2 +
1
2
g′Z ′µ(
m−
M
)(ψ2γ
µγ5ψ2 − ψ1γµγ5ψ1)
+
1
2
(yL cos
2 θ − yR sin2 θ)ψ1ψ1φ2 + 1
2
(yR cos
2 θ − yL sin2 θ)ψ2ψ2φ2 + 
2
BαβYαβ , (6)
where sin θ ≈ m−/M . The mass splitting between the two mass eigenstates is given by
∆m = M2 −M1 = 2m+ = (yL + yR) u2√2 .
Inelastic scalar dark matter:
Similar to the case of fermion DM, we can also show the inelastic nature of scalar DM
that arises naturally in this model. As mentioned earlier, the complex scalar field η is a
stable DM due to the remnant Z2 symmetry under which η is odd while all other particles
are even. The relevant Lagrangian involving η and U(1)X gauge boson can be written as:
LDM = (Dµη)†(Dµη)−m2ηη†η − (µφΦ2ηη + h.c.) +

2
BαβYαβ , (7)
7
L eR ∆L Φ1 Φ2 ΨL,R η
U(1)X 0 0 0 0 2 -1 -1
Z4 i i -1 -1 1 -i -i
TABLE II: New particles and their quantum numbers under the imposed symmetry for type II
seesaw
where Dµ = ∂µ + ig′Z ′µ and Bαβ, Yαβ are the field strength tensors of U(1)X , U(1)Y respec-
tively. Here Z ′ is the U(1)X gauge boson and g′ is the corresponding gauge coupling and 
is the kinetic mixing parameter defined earlier.
The scalar Φ2 acquires a vev and breaks U(1)X gauge symmetry spontaneously. We
parametrise the scalar singlet DM field η as:
η =
η1 + iη2√
2
.
Note that the vev of Φ2 not only gives mass to Z ′ gauge boson: M2Z′ = g′2(4v22), but also
creates a mass splitting between η1 and η2 which is evident from the following Lagrangian
obtained by putting the above field parametrisation in equation (7).
− LDM ⊇ (1
2
m2η −
µφu2√
2
)η21 + (
1
2
m2η +
µφu2√
2
)η22 . (8)
Thus the mass splitting between the two states η1 and η2 is given by ∆M2η = m2η2−m2η1 =√
2µφu2. We assume ∆Mη << mη1,2 . As a result, the two components of η, i.e. η1 and η2
give rise viable inelastic DM candidates. In order to address the XENON1T anomaly we
further take ∆m ∼ 2 keV. Because of the kinetic mixing between the U(1)X gauge boson Z ′
and the SM Z boson, these DM particles can interact with the SM particles which is evident
from the following Lagrangian
L ⊇ g′Z ′µ(η1∂µη2 − η2∂µη1) + 
2
BαβYαβ (9)
B. Type II seesaw with inelastic DM
The Yukawa Lagrangian relevant for the discussion is
− L ⊃ YeL¯HeR + YνL¯c∆LL+ h.c.+ LDM (10)
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νL νL
∆L
〈H〉〈H〉
〈Φ1〉
FIG. 1: Type II Seesaw
where LDM is the relevant part of fermion DM Lagrangian given by
LDM = MΨ¯Ψ +
(
YL
(ΨL)cΨLΦ1Φ2
Λ
+ YR
(ΨR)cΨRΦ1Φ2
Λ
+ h.c.
)
(11)
The relevant part of the scalar potential is
V = −µ2HH†H + λH(H†H)2 + µ2∆Tr[∆†L∆L] + λ∆Tr[∆†L∆L]2 + (λ1Φ1HT∆LH + h.c.) + VDM
(12)
where VDM is the relevant part of the scalar DM potential given by
VDM = (λ2Φ1Φ2ηη + h.c.) (13)
Type II seesaw contribution to light neutrino masses arise after the neutral component of
scalar triplet acquires an induced vev as
〈∆0L〉 = vL = −
λ1〈Φ1〉v2
µ2∆
. (14)
Light neutrino masses arise as shown in figure 1. Note that in conventional type II seesaw,
the induced vev is decided by trilinear term µHT∆LH and hence for µ ∼ µ∆ it corresponds
to a high scale seesaw like type I. However, here, the trilinear term is dynamically generated
µ = λ1〈Φ1〉 via vev of the scalar Φ1. Note that Φ1 vev is not involved in U(1)X gauge
symmetry breaking and can be even lower than the electroweak scale. Thus, depending
upon λ1〈Φ1〉  µ∆ (which can be achieved by suitable tuning of λ1 and Φ1 vev), one can
bring down the scale of type II seesaw µ∆ to a much lower scale.
Similarly, for scalar singlet DM η = (η1 + iη2)/
√
2, the mass splitting is ∆M2η = m2η2 −
m2η1 = λ2〈Φ1〉〈Φ2〉. A tiny mass splitting can be generated by suitable tuning of λ2 and
Φ1 vev which, as mentioned above, does not play a role in U(1)X symmetry breaking. If
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we consider, fermion DM, then also one can split the Dirac fermion DM into pseudo-Dirac
components by virtue of the dimension five term in the above Yukawa Lagrangian. The
details of the corresponding DM Lagrangian remains same as discussed in the previous
subsection.
C. Radiative seesaw with inelastic DM
Radiative seesaw has been one of the earliest proposals for low scale seesaw, see [63] for a
recent review. Due to additional loop suppressions and free parameters, natural realisation
of low scale seesaw becomes possible in such frameworks. While there are many possible
radiative seesaw, here we outline just one possibility that suits our desired phenomenology.
In [64], a radiative seesaw model was introduced with the addition of additional fermion
doublet, singlet and a scalar singlet. Here we consider an alternate possibility with additional
fermion singlet, scalar doublet and scalar singlet. Note that there are simpler realisation
of one loop seesaw with dark matter, for example, the scotogenic model [65]. However, the
requirement of sub-GeV inelastic scalar DM forces us to consider a complex scalar singlet
also into account and a scalar doublet with GeV scale components will be ruled out by
precision data from Large Electron Positron (LEP) collider experiment [66].
The new particle content of the model is shown in table III. The relevant part of the
Lagrangian consistent with U(1)X gauge symmetry is given by
νL νLΨR
χ χ
〈H〉 〈H〉〈Φ〉
η η
FIG. 2: Radiative seesaw origin of light neutrino masses
−L ⊃MΨ¯Ψ +
(
YνL¯χ˜ΨR + YLΦ
†(ΨL)cΨL + YRΦ†(ΨR)cΨR + h.c.
)
(15)
The relevant part of the scalar potential is
V ⊃ m2ηη†η +m2χχ†χ+ (µ1χ†Hη + µ2ηηΦ† + h.c.) (16)
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The U(1)X symmetry is broken by nonzero vev of Φ to a remnant Z2 symmetry under
which ΨL,R, η, χ are odd while all other fields are even as a result the lightest among ΨL,R,
η and χ can gives rise to a viable DM candidate. Light neutrino mass arises at one loop
level via the diagram shown in figure 2. The contribution to light neutrino mass can be
estimated, in the mass insertion approximation [67], to be
(mν)ij ' µ
2
1v
2µ2vφ
(4
√
2)16pi2
(Yν)ik(M)k(Y
T
ν )kj
m6χ
Iν(rχ, rk) (17)
where we assume diagonal structure of Mψ. For non-diagonal structure, additional rotation
matrix has to be multiplied with the Yukawa couplings Yν . The parameters ri are defined
as rχ = m2χ/M2η , rk = M2k/M2η while the loop function Iν is
Iν(r1, r2) =
1 + r1 − 2r2
2(1− r1)2(1− r2)(r1 − r2)−
1
2(1− r1)3(r1 − r2)2
[
r2+r1(r2−2r1) ln r1+(1−r1)3r2 ln r2
]
.
(18)
We also define M2η = (m2η1 + m
2
η2
)/2,M2χ = (m
2
χ1
+ m2χ2)/2 and v, vφ as vevs of neutral
component of the SM Higgs doublet H and scalar singlet Φ. According to the notations
adopted before, η1,2 are real and imaginary components of the singlet scalar DM field η while
χ1,2 are the real and imaginary parts of the neutral component of scalar doublet χ.
Similar to the seesaw models discussed earlier, here also light neutrino mass is propor-
tional to the term in scalar potential which splits the scalar singlet (η) mass namely µ2ηηΦ†.
Non-zero µ2 implies non-zero mass splitting between scalar and pseudoscalar components of
η. That is, m2η2 −m2η1 = −2µ2vφ. Thus, we can rewrite the light neutrino mass formula as
(mν)ij ' −
µ21v
2(m2η2 −m2η1)
(8
√
2)16pi2
(Yν)ik(M)k(Y
T
ν )kj
m6χ
Iν(rχ, rk) (19)
If DM is dominantly from scalar singlet η, then the same mass splitting gives rise to inelastic
nature of scalar DM the details of which is same as discussed in the context of inverse seesaw
model earlier. Similarly, one can have fermion singlet DM as well whose mass is split into
two semi-degenerate pairs by the vev of Φ. The details of fermion DM Lagrangian remains
same as discussed before. Unlike inverse and type II seesaw, here DM mass or mass splitting
gets directly related to the light neutrino mass due to the involvement of DM fields in the
neutrino mass loop. Like in conventional radiative seesaw model, this model can also be
realised as a low scale seesaw by suitable choices of parameters involved in the mass formula.
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η Φ ΨL,R χ
SU(2)L 1 1 1 2
U(1)X 1 2 1 1
TABLE III: New particles and their quantum numbers under the imposed symmetry for radiative
seesaw model.
III. CONSTRAINTS ON LOW SCALE U(1)X
Since the neutrino and DM scenarios we discuss here are based on low scale U(1)X gauge
symmetry, it is important to note the phenomenological constraints on such new physics
scenario from available data. The U(1)X sector couples to the SM sector only via kinetic
mixing of U(1)X and U(1)Y denoted by 2B
αβYαβ in the Lagrangian where Bαβ, Yαβ are the
field strength tensors of U(1)X , U(1)Y respectively and  is the kinetic mixing parameter.
Even if we turn off such mixing at tree level, one can generate such mixing at one loop
level since there are particles in the model which are charged under both U(1)Y and U(1)X .
Such one loop mixing can be approximated as  ≈ g1g′/(16pi2) [68] where g1, g′ are gauge
couplings of U(1)Y and U(1)X respectively. Thus, the relevant constraints will be applicable
on effective DM-SM portal coupling g′ and Z ′ mass.
Such GeV scale gauge boson and couplings can be constrained from different low en-
ergy observations like neutrino trident production, rare kaon decay, 4 muon observations at
BABAR experiment etc. As shown by the authors of [69], the current data allow the portal
coupling g′ <∼ 0.001 for MZ′ >∼ 0.1 GeV for muon-philic gauge boson. The portal coupling
could be as large as even 0.005 forMZ′ >∼ 1.0 GeV. As shown in [70], the portal coupling can
also be constrained from neutrino-electron scattering experiments like CHARM-II, GEMMA
and TEXONO. Gauge boson mixing strength >∼ 10−3 has been ruled out for gauge bosons
of mass around the electroweak (EW) scale. For very light gauge bosons, this bound is even
tighter O(10−6). LEP II data have put a lower bound on the ratio of new gauge boson mass
to the new gauge coupling to be MZ′/g′ ≥ 7 TeV [71]. However, since we are interested in
the low mass of the gauge boson, bounds from hadron colliders like ATLAS and CMS will
not be very relevant. Similarly, LEP bound is also not applicable in such low mass regime.
As an example, one may refer to [72] for a detail of the direct search bounds on such a light
gauge boson. Recently, a low scale U(1)X model was also studied in the context of flavour
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anomalies, dark matter and neutrino mass [73].
Apart from the U(1)X gauge sector, the additional scalar fields introduced for the purpose
of spontaneous symmetry breaking, generation of light neutrino masses and inelastic DM
are also constrained by experimental data. Though the singlet scalars do not directly couple
to the SM particles, they can do so by virtue of their mixing with the SM Higgs. Precision
electroweak measurements, perturbativity and unitarity of the theory as well as the LHC
and LEP direct search [74, 75] and measured Higgs signal strength constrains such mixing
angle. In the scalar DM scenario, SM Higgs can directly couple to DM without relying
on singlet-Higgs mixing. Since DM is in the GeV regime, such couplings will lead to SM
Higgs decay into DM, contributing to its invisible decay width. The constraint on the Higgs
invisible decay branching fraction from the ATLAS experiment at LHC is [76]
B(h→ Invisible) = Γ(h→ Invisible)
Γ(h→ SM) + Γ(h→ Invisible) ≤ 26% (20)
while the recent ATLAS announcement [77] puts a more stringent constraint at 13%. In
some specific seesaw scenarios discussed above, electroweak multiplets are also introduced
which couple directly to SM leptons. For example, the type II seesaw scenario considers a
SU(2)L triplet which gives rise to a doubly charged physical scalar. Search for same sign
dileptons at the LHC puts strict bound on such scalars, depending upon its branching ratio
into specific leptonic final states [78]. Roughly, doubly charged scalar with masses below
800 GeV are currently disfavoured from such searches. The radiative seesaw model discussed
above also contains an additional scalar doublet χ which remains inert (it does not acquire
vev). The components of the doublet are also constrained from precision measurements as
well as direct searches. For example, it strongly constrains the decay channel Z → χ1χ2
requiring mχ1 +mχ2 > mZ . Here χ1,2 are real and imaginary parts of the neutral component
of χ, as defined before. Similar lower bound applies to the charged component of χ as
well. Additionally, LEP precision data also rule out the region mχ1 < 80 GeV,mχ2 <
100 GeV,mχ2 − mχ1 > 8 GeV [66]. Invisible Higgs decay constraints are applicable on
neutral components in a way similar to the singlet scalar DM mentioned before.
As we show below, DM phenomenology in the GeV scale depends crucially on the gauge
portal only and hence the bounds on scalar sector can be satisfied independently. In the
gauge sector also, we find that for keV or smaller mass splitting between the two DM
candidates, the constraints on lifetime of heavier DM dominates over all other constraints.
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For larger mass splitting where only one DM is present, the flavour bounds on gauge portal
can become more relevant.
IV. INELASTIC SUB-GEV DARK MATTER
As discussed above, we extend the SM with a U(1)X symmetry which can simultaneously
accommodate non-zero neutrino mass and inelastic dark matter, comprising of two quasi-
degenerate components χ1 and χ2 with masses M1 and M2 respectively. We assume a small
mass splitting ∆m = M2 − M1, where ∆m << M1,2, between the two DM components
and this mass splitting is non-trivially related to non-zero light neutrino masses such that
degenerate DM components will lead to vanishing light neutrino masses.
The inelastic nature of sub-GeV DM is particularly appealing in the light of recent ex-
perimental results from XENON1T [37]. The inelastic down scattering of a sub-GeV scale
DM with the electrons in Xenon atoms provides a viable explanation for XENON1T excess
of electron recoil events near 1-3 keV energy [45, 46]. In this case, a heavier DM inelastically
scatters off an electron and gets converted to the lighter DM component. The small mass
splitting of keV scale between the two DM components ∆m is transferred to the electron
recoil energy. Due to such tiny splittings, the heavier DM is long lived and as a result the
total relic density of DM is the sum of individual contributions. At this juncture we note
that in the original inelastic DM [79] proposal the lighter DM component scatters off a nu-
cleon and gets converted to a heavier DM component. If the mass splitting between the two
components is much larger than the nuclear recoil energy then such processes are forbidden.
In particular, the SM Z-boson mediated interactions in direct search experiments can be
forbidden if the DM is inelastic [80–83]. The main difference between the two scenarios is
that in the former case the life time of heavier component is required to be longer than the
age of the universe, while in the latter it is not required. We will discuss the corresponding
results for the latter case as well where DM in the present universe is effectively in terms of
the lighter component only as the heavier component can decay in early epochs due to large
mass splitting.
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A. Relic density
The relic abundance of two component DM can be found by numerically solving the
corresponding Boltzmann equations. Let n2 and n1 are the total number densities of two
dark matter candidates χ2 and χ1 respectively. The two coupled Boltzmann equations in
terms of n2 and n1 are given below,
dn2
dt
+ 3n2H = −〈σvχ2χ¯2→XX¯〉
(
n22 − (neq2 )2
)− 〈σvχ2χ¯2→χ1χ¯1〉(n22 − (neq2 )2(neq1 )2n21
)
− 〈σvχ2χ¯1→XX¯〉 (n1n2 − neq1 neq2 ) ,
dn1
dt
+ 3n1H = −〈σvχ1χ¯1→XX¯〉
(
n21 − (neq1 )2
)
+ 〈σvχ2χ¯2→χ1χ¯1〉
(
n22 −
(neq2 )
2
(neq1 )
2
n21
)
− 〈σvχ2χ¯1→XX¯〉 (n1n2 − neq1 neq2 )
(21)
where, neqi is the equilibrium number density of dark matter species i andH denotes the Hub-
ble expansion parameter. The thermally averaged annihilation and coannihilation processes
(χiχ¯j → XX¯) are denoted by 〈σv〉, where X denotes all particles to which DM can annihi-
late into. Since we consider GeV scale DM, the only annihilations into light SM fermions can
occur, such as e−, µ−, νe, νµ, ντ , u, d, s. The only available channel for annihilation of χ1,2 to
light SM fermions is through Z − Z ′ mixing. Additionally small mass splitting between the
two DM components lead to efficient coannihilations while keeping their conversions into
each other sub-dominant. We have solved these two coupled Boltzmann equations using
micrOMEGAs [84]. Due to tiny mass splitting, we find almost identical relic abundance of
two DM candidates. Thus each of them constitutes approximately half of total DM relic
abundance in the universe, i.e. n2 ≈ n1 ≈ nDM/2. We then constrain the model parameters
by comparing with Planck 2018 limit on total DM abundance ΩDMh2 = 0.120 ± 0.001 [5].
Here ΩDM is the density parameter of DM and h = Hubble Parameter/(100 km s−1Mpc−1)
is a dimensionless parameter of order one.
B. XENON1T anomaly
As discussed above, we assume χ2 is heavier than χ1 with a small mass splitting ∆m =
M2 − M1 between the two components. Moreover, we assume ∆m of keV scale in order
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to explain the XENON1T anomaly. For a fixed incoming velocity v of χ2, the differential
scattering cross section for χ2e→ χ1e can be givan as:
dσv
dEr
=
σe
2mev
∫ q+
q−
a20qdq|F (q)|2K(Er, q) , (22)
where me is the electron mass, σe is the free electron cross section at fixed momentum
transfer q = 1/a0, where a0 = 1αme is the Bohr radius with α =
e2
4pi
= 1
137
being the fine
structure constant, Er is the recoil energy of electron and K(Er, q) is the atomic excitation
factor. In this paper the atomic excitation factor is adopted from [85]. We assume the DM
form factor to be unity. The free electron scattering cross-section in this case is given by:
σe =
16piαZα
′
2m2e
M4Z′
(23)
where αZ = g
2
4pi
, α′ = g
′2
4pi
and  is the kinetic mixing parameter between Z and Z ′ mentioned
earlier which we take to be  ≤ 10−3. It should be noted that σe is independent of DM mass
as the reduced mass of DM-electron is almost equal to electron mass for GeV scale DM mass
we are considering.
Unlike the elastic case, the limits of integration in Eq. (22) are determined depending
on the relative values of recoil energy (Er) and the mass splitting between the two DM
components.
For Er ≥ ∆m
q± = M2v ±
√
M22 v
2 − 2M2(Er −∆m) . (24)
And for Er ≤ ∆m
q± =
√
M22 v
2 − 2M2(Er −∆m)±M2v . (25)
The dependency of atomic excitation factor on the momentum transferred q is shown
in figure 3. Here the dominant contribution comes from the bound states with principal
quantum number n = 3 as their binding energy is around a few keVs. In the right panel
of figure 3, we have shown the plot for the integration of momentum transferred times
the atomic excitation factor
(
i .e.Kint(Er, q) =
∫ q+
q− qdqK(Er, q)
)
as a function of the recoil
energy Er forM1 = 0.3GeV and ∆m = 2keV. The figure shows a peak around Er ' ∆m since
the q− approaches to zero and the momentum transfer maximising this factor is available.
It is worth mentioning that such kind of enhancement is a characteristic feature of inelastic
scattering.
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FIG. 3: Left panel: Dependence of Atomic excitation factor on momentum transferred. Right panel:
The atomic excitation factor, after the q integration, is plotted as a function of the transferred recoil
energy Er.
FIG. 4: Fit to XENON1T data with inelastic DM in our model
The differential event rate for the inelastic DM scattering with electrons in Xenon atom,
i.e χ2e→ χ1e, can be given as:
dR
dEr
= nTnDM
dσv
dEr
(26)
where nT = 4× 1027 Ton−1 is the number density of Xenon atoms and nDM is the number
density of the dark matter particle.
1. Fermion DM
For details of the inelastic fermion DM Lagrangian relevant for DM phenomenology,
please refer to the subsection IIA. The fit to XENON1T data of electron recoil excess in an
inelastic down scattering of DM scenario of our model is shown in figure 4. To obtain such a
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fit, the mass splitting is taken to be ∆m = 2 keV while heavier DM mass is taken to be 0.3
GeV. DM velocity is taken to be v ' 5×10−3 which is consistent with non-relativistic nature
of CDM. The other relevant parameters used in this fit are g′ = 7 × 10−4, MZ′ = 0.6GeV,
 = 5× 10−3 which corresponds to cross section σe = 1.78× 10−17GeV −2 .
FIG. 5: Dominant channels for relic abundance of fermionic DM
FIG. 6: Left panel: Inelastic down-scattering of the heavier DM particle ψ2 off the electron e into
the lighter particle ψ1, mediated by the U(1)X gauge boson Z ′ that mixes kinetically with SM Z
boson. Right panel: Inelastic scattering of fermion DM off a nucleon, mediated by the U(1)X gauge
boson Z ′ that mixes kinetically with SM Z boson.
Relic abundance of fermion DM is mainly governed by the annihilation and coannihilation
diagrams shown in figure 5. Since among the newly introduced particles, only DM and Z ′
gauge bosons are kept near the GeV regime, the final state particles can have either Z ′ or
light SM fermions. For tiny mass splitting of keV or below, both the DM components can be
stable. There can be a conversion process also where heavier DM converts into the lighter
one. However, for tiny mass splitting conversion is not very efficient, as we will see shortly.
The same Z−Z ′ portal can also give rise to inelastic DM-electron and inelastic DM-nucleus
scattering cross section as shown in figure 6. While we show only the down-scattering of DM
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FIG. 7: Relic density vs mass of inelastic fermion DM MDM = M1 ≈ M2 where the resonance
corresponds to Z ′ boson with mass 0.6 GeV .
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FIG. 8: Summary plot for fermionic inelastic DM showing the final parameter space from various
relevant constraints.
with electron (as favoured from XENON1T point of view), the DM-nucleon scattering can
be both up or down type depending upon the mass splitting. While DM-electron scattering
cross section is given by equation (23), the spin-independent DM-nucleus scattering cross
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section is given by
σSINχ =
µ2Nχ
pi
g2g′22
M4Z′
[Zfp + (A− Z)fn]2
A2
(27)
where χ denotes the DM particle, A and Z are the mass number and atomic number of
the target nucleus respectively and µNχ =
mNmχ
mN+mχ
is the reduced mass. fp and fN are the
interaction strengths for proton and neutron respectively. The occurrence of this process
solely depends on the mass splitting between the two states. In fact, the minimum velocity
of the DM needed to register a recoil inside the detector is given
vmin = c
√
1
2mNEr
(
mnEr
µNχ
+ ∆m
)
(28)
If the mass splitting is above a few hundred keV, then the inelastic scattering will be forbid-
den. On the other hand, the elastic DM-nucleon scattering is much smaller due to velocity
suppression.
Variation of relic abundance of fermion DM as a function of its mass is shown in figure 7 for
a set of fixed benchmark parameters. Clearly, due to tiny mass splitting (2 keV) between two
DM candidates and identical gauge interactions, their relic abundances are almost identical.
The DM annihilation due to s-channel mediation of Z ′ gauge boson is clearly visible from
this figure where correct relic of DM is satisfied near the resonance region MDM ≈ MZ′/2.
Final summary plot for fermion DM with 2 keV mass splitting is shown in figure 8 in the
plane of g′ vs MZ′ since g′ is the relevant parameter for the portal linking dark sector and
SM. For performing a random scan for the relic abundance of such two component DM, we
fixed the mass splitting at ∆m = 2keV. The gauge coupling was varied in O(1) i.e. in the
interval (1, 3.54) while the kinetic mixing parameter was varied in the range (10−7, 10−2).
We also varied continuously DM mass from (0.1− 1) GeV and Z ′ boson mass from (0.1− 2)
GeV. Clearly the points residing in the cyan coloured solid band are satisfied by all relevant
constraints.
Since the mass splitting between ψ1 and ψ2 is kept at keV scale ∆m = O(keV ), there can
be decay modes like ψ2 → ψ1νν mediated by Z − Z ′ mixing. If both the DM components
are to be there in the present universe, this lifetime has to be more than the age of the
universe that is τψ2 > τUniv.. The decay width of this process is Γ(ψ2 → ψ1νν) = g
2g′22(∆m)5
160pi3M4
Z′
.
Thus, imposing the lifetime constraint on heavier DM, we show the excluded parameter
space by the magenta colored region. One can also have a one loop decay of heavier DM
as ψ2 → ψ1γγ which can lead to diffuse X-ray at energies below 2 keV. The corresponding
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decay width is however several order of magnitudes smaller compared to the tree level decay
width, due to additional electromagnetic vertices and loop suppression. On the other hand,
constraints on lifetime of DM decaying into photons is much stronger compared to the age
of the universe. However, the existing bounds for diffuse X-ray photons at energies below 4
keV are rather weak, keeping our scenario safe [35].
We also show the parameter space excluded by the recent results from CRESST-III on
low mass DMs. The solid band of cyan colour corresponds to free electron cross section
σe = 10
−17− 10−16 GeV−2 which is required to obtain the fit for the XENON1T excess for a
DM of mass around 1 GeV with a typical DM velocity of order O(10−3). The points satisfied
by the observed relic density constraint of DM are shown by the coloured scattered points
where the colour coding gives the information of the DM mass. As mentioned earlier, the
other bounds like the ones from flavour physics experiments are weaker compared to the
ones shown in the summary plot 8. The bounds from dark photon searches at BABAR [86]
will lead to an exclusion line in the range g′ ∼ 10−4 − 10−3 which remains weaker than the
lifetime bound and hence not shown.
The dominance of Z ′ resonance in DM annihilation is visible from the scattered points
in figure 8. It can be seen that DM with a particular mass around MZ′/2 can satisfy relic
independent of portal coupling g′. This is due to the resonance feature around MDM ≈
MZ′/2 which was also noticed in figure 5.
2. Scalar DM
We now turn to find a viable inelastic scalar DM in a scenario where the SM is augmented
with a U(1)X symmetry. For details of the inelastic scalar DM Lagrangian relevant for DM
phenomenology, please refer to the subsection IIA.
Considering only scalar DM and Z ′ to be light and in the GeV regime among the newly
introduced particles, the dominant annihilation and coannihilation channels which control
scalar DM relic abundance are shown in figure 9. The diagrams with light SM fermions
or Z ′ in final states dominate. Due to tiny mass splitting, the conversion from heavier to
lighter DM is not very efficient, as noted in the discussion of fermion DM before. These
same interactions which govern the annihilation processes can also lead to DM-electron
and DM-nucleus scattering. The heavier DM particle η2 (say) inelastically scatters off an
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electron in the Xenon atom in the detector and gets converted to the lighter state η1 (say), as
demonstrated in the left panel plot of figure 10. The small mass difference ∆m is converted
into the electron recoil energy, which may explain the excess of events observed by the
XENON1T experiment. Similarly, the right panel plot of figure 10 shows the inelastic DM-
nucleus scattering which can be both up or down type depending upon the mass splitting.
The corresponding scattering cross sections can be found in a way similar to the fermion
DM scenario. Note that, unlike the fermion case, there is no elastic scattering diagram of
scalar DM mediated by Z ′.
FIG. 9: Dominant channels for relic abundance of scalar DM
FIG. 10: Left panel: Inelastic down-scattering of the heavier scalar DM particle η2 off the electron
e into the lighter particle η1, mediated by the U(1)X gauge boson Z ′ that mixes kinetically with
SM Z boson. Right panel: Inelastic scattering of scalar DM off a nucleon, mediated by the U(1)X
gauge boson Z ′ that mixes kinetically with SM Z boson.
Similar to fermion DM, scalar DM relic in the sub-GeV regime also depends crucially on
Z ′ mediated coannihilation channel. The variation of its relic abundance as a function of
DM mass is shown in figure 11 for a fixed set of benchmark. Clearly, the Z ′ resonance is
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FIG. 11: Relic density vs mass of inelastic scalar DM MDM = M1 ≈ M2 where the resonance
corresponds to Z ′ boson with mass 0.6 GeV .
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FIG. 12: Summary plot for inelastic scalar DM showing the final parameter space from various
relevant constraints.
visible there. Similar to the fermion case, we show in figure 12 the final parameter space
in the plane of g′ vs MZ′ allowed by all the relevant constraints. The summary plot looks
very similar to the one for fermion and can be explained in a similar way. Similar to the
fermion DM case here also the heavier DM can decay into lighter DM and two neutrinos
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at tree level. The corresponding lifetime bound is shown in figure 12. On top of that, the
heavier scalar DM can also decay into the lighter DM and three photons at radiative level.
However, due to additional loop and phase space suppressions in the corresponding decay
width, lifetime of this decay η2 → η1γγγ remains safe from diffuse X-ray bounds.
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FIG. 13: DM mass splitting versus U(1)X portal coupling showing the bounds on lifetime on heavier
DM component.
It should be noted that we considered keV scale mass splitting between DM candidates
in the above discussion. While such a scenario is preferred from XENON1T anomaly point
of view, one can have correct DM phenomenology for other splitting also. For keV scale
mass splittings, the decay width of heavier DM remains small enough to make it long lived
compared to the age of the universe. However, if we increase the mass splitting, heavier
DM can become unstable. Since heavier DM decays into lighter DM and other SM particles
within kinematical limits, the lifetime will be constrained from non-observation of such
decay products. We apply a conservative upper bound on lifetime of such unstable particle
to be approximately equal to the epoch of big bang nucleosynthesis (BBN) such that late
decay of such particles do not affect the successful predictions of BBN and other late events
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FIG. 14: Summary plot for fermion DM with mass splitting of 1 MeV with next to lightest dark
sector particle.
like recombination. The resulting parameter space is shown in figure 13. Clearly, mass
splitting from a few tens of keV to a few tens of MeV are disallowed from such lifetime
bounds. Since the mass splitting also affects neutrino mass, the parameters involved in
neutrino mass formula needs to be adjusted accordingly so that they are consistent with
lifetime bounds as well as neutrino mass constraints. For large mass splitting say, 1 MeV,
the DM sector comprises of the lighter component only as the heavier DM decays in the
early epochs. While such a scenario can not explain the XENON1T excess, it is still a
viable scenario from DM point of view. We show the allowed parameter space for sub-GeV
scalar DM with such large mass splitting of 1 MeV in figure 14. While the overall pattern of
scattered points remains similar, the constraints become much more relaxed. For example,
there is no lifetime constraint in this case as heavier DM has already decayed prior to BBN
epoch. Also, since mass splitting is large, DM can not up-scatter off a nucleon. Thus, direct
detection bounds from experiments like CRESST do not apply here. We however, show the
bounds from flavour physics experiments which rule out the upper portion of the parameter
space.
Other cosmology bounds on such scenario may arise due to late decay of Z ′ into SM
25
leptons. For example, if Z ′ decays after neutrino decoupling temperature T νdec ∼ O(MeV),
it will increase the effective relativistic degrees of freedom which is tightly constrained by
Planck 2018 data as Neff = 2.99+0.34−0.33 [5]. As pointed out by the authors of [87], such con-
straints can be satisfied if MZ′ & O(10 MeV), already satisfied by our scenario. Similar
bound also exists for thermal DM masses in this regime which can annihilate into leptons
till late epochs. Such constraints from the BBN as well as the cosmic microwave background
(CMB) measurements can be satisfied if MDM & O(1 MeV) [88] which is also satisfied in
our models. On the other hand, constraints from CMB measurements disfavour such light
sub-GeV thermal DM production in the early universe through s-channel annihilations into
SM fermions [5]. As shown by the author of [24] in the context of a similar U(1) gauge
model with sub-GeV DM, such CMB bounds can be satisfied for the near resonance region
MZ′ ≈ 2MDM along with correct relic. Specially, in the scenario with keV mass splitting be-
tween two DM candidates, the CMB bound on DM annihilation rate into electrons remains
weaker compared to lifetime bound as can be checked by comparing the exclusion plots in
[24] with the ones shown in our work.
V. CONCLUSION
We have studied the possibility of connecting low scale seesaw models for light neutrino
masses with sub-GeV inelastic dark matter within the framework of Abelian gauge extension
of the standard model. The vacuum expectation value of a scalar singlet field not only plays
a crucial role in generating light neutrino masses but also splits the DM field into two
quasi-degenerate components. In the limit of vanishing mass splitting between the two DM
components, light neutrino mass also tends to zero thereby making the inelastic nature of DM
a primary requirement from neutrino mass constraints. If the mass splitting is sufficiently
small, say of the order of keV or below, both the DM components can be present in the
universe as the lifetime of heavier DM can exceed the age of the universe for suitable choice
of parameters. Interestingly, such keV scale mass splitting of sub-GeV DM can give rise to
the electron recoil excess recently reported by the XENON1T collaboration.
From minimality point of view, we choose the Abelian gauge symmetry to be dark so
that none of the SM particles are charged under it. DM particles can annihilate into SM
particles through kinetic mixing of U(1)X and U(1)Y . We constrain the parameter space
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of the model from the requirement of correct relic abundance as well as reproducing the
XENON1T excess. We also impose bounds on direct detection cross section for such sub-
GeV DM. We find that for sub-GeV DM with keV mass splitting the constraints coming
from lifetime criteria on heavier DM component is the strongest while bounds from direct
detection, flavour and LEP constraints are much weaker. We show that for both scalar
and fermion inelastic DM, the desired phenomenology can be achieved. While keV mass
splitting is crucial to fit XENON1T excess via down-scattering of heavier DM off electrons,
heavier splittings of 1 MeV or so are also allowed. However, in such a case, only the lighter
DM component is present in the universe while the heavier one decays before the epoch of
BBN, keeping the relevant cosmological predictions undisturbed. The allowed DM specific
parameter space in such a case becomes much more relaxed as lifetime bound of heavier
DM as well as direct detection bounds are no longer applicable. Only the bounds from
flavour physics experiments rule out some portion of the parameter space in such a scenario.
Due to the presence of particle spectra around the TeV corner, the models proposed in this
work can be tested in several experiments. On the cosmic frontier also, the model can have
interesting implications like late decay of heavier DM component, enhanced annihilation
rates into SM fermions which can be tested with CMB data. We leave a detailed study of
such phenomenology for future studies.
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